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I. SUMMARY 
The residence time of a single phase fluid 
flowing through a packed bed reactor is largely 
dependent on its radial injection position because 
of the increased void volume found near the wall. 
The object of this study waa\to determine whether 
annular-ring baffles could successfully offer a 
resistance at the wall and thereby eliminate this 
channeling. 
An apparatus suitable for this investigation 
I 
of the characteristics of the distribution-time 
curves as a function of a tracer's initial radial 
injection position was designed, constructed, and 
successfully utilized. Annular-ring baffles of two 
different radial depths were\used. One ring had an 
annular depth of one particle diameter; the other 
had a depth of one-half of a particle diameter so 
that the two most offensive points of streamlining 
could be interrupted; either individually or 
simultaneously. 
. ' As the number of the larger baff~es was 
increased in the column, the concentration decay 
curves of the tracer injected near the wall at first 
approached that of the tracer injected near the center 
1. 
\ 
'~ 
~ 
.j 
of the column, but as more than three baffles were 
added, the curves reversed positions, i.e., the 
tracer injected near the wall had a larger residence 
time than that introduced at the center. 
As the number of the smaller baffles was 
increased the time-of-contact curves continuously 
approached one another until the difference between 
the residence curve of the tracer introduced at the 
wall near the base of the column became insigni-
ficantly different from that of the tracer that was 
injected near the center of the tube base. 
It has been concluded that plug flow can be 
successfully achieved in a packed tube with judiciously 
selected baffling. 
2. 
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II. INTRODUCTION 
This report involves the study of the induced 
variance of fluid residence times in packed columns 
resulting from radial variation in void fraction and 
the effect of annular=ring baffling upon this 
difference. 
It has long been recognized that the confining 
wall of a packed bed exerts a decided influence on 
the porosity of the bed especially in the region 
close to the wall. The packing in this region is 
not so tight as in the core of the bed thus the 
porosity near the wall is relatively high. This 
larger void volume allows a greater flow rate near 
the boundaries than near the center of the bed. 
Since the chief source of non-random 
variations in the void fraction of a bed is the 
outer wall it would be expected that one could 
properly represent the void fraction of an area 
which is concentric with the outer wall by an 
average value. There is no reason to suspect any 
orienting forces other than those of the outer wall 
and since all points on a concentric shell are 
' 
equally affected only random local variations should 
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be present. Void fractions given in the literature 
are therefore usually expressed as area void fractions. 
It has been noted (5) that packed beds prove 
to be rather symmetrical, i.e., area fraction on 
the left is the same as the fraction at the same 
distance from the center on the right and that there 
is no fractional differences with height. 
When a bed is packed with spheres the wall 
exerts a significant effect on the void volume at 
more than three particle diameters from the bed 
boundary. The explanation consists of recognizing 
that because of the wall a layer of spheres is 
oriented on the wall. In fact, each sphere in the 
bed which touches the wall is thus uniquely oriented. 
The net effect is that more spheres than usual are 
located adjacent to the wall resulting in a concentra-
tion of sphere centers one radi~s from the wall and 
a consequent minim'r" in porosity at that poi~t. 
Similarly at one diameter from the wall there will 
tend to be a greater porosity than normal because 
this is the point of maximum porosity for a sphere 
which is oriented at the wall. The combination 
of a layer of spheres adjacent to the wall and a 
regular arrangement in the bed can thus give a 
4. 
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qualitative explanation of the cycling that has 
been observed. (Figure 1) 
TABLE I 
Void fractions at various radial positions 
in a 3-4 inch diameter tube with 1/2 and 3/8 inch 
spheres (4) 
Radial Position (r/R) 3/8 •• Sphere 1/2" Sphere 
0.24 0.33 0.30 
0.62 0.32 0.32 
0.12 0.42 0.44 
0.80 0.34 0.34 
0.85 0.42 0.50 
0.93 0.44 0.58 
Even though data such as that above are 
independent of the bed to particle diameter ratio, 
the random nature of the actual packing arrangement 
makes it unlikely that the curves relating radial 
position to void fraction can be calculated and 
experimental results should be used rather than any 
combination of calculations for regular arrangements 
if one seeks the specific fractions for a particular 
bed. 
The fluid action near the center of the packing 
can be conveniently elucidated by following an 
imaginary tracer injection. The variations of the 
axial velocity with radius cause the tracer to 
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spread axially; however, radial diffusion counter-
acts this by causing the particles that have been 
carried ahead in the faster flow to diffuse radially 
into the slower flow and likewise, .,tracer that has 
been held back in the very slow flow diffuses into 
the faster flow. As the ratio of the bed diameter 
to the packing diameter in a column is increased, 
these two counteracting effects vary as follows. 
The center velocity profile becomes flatter and 
tends to cause less dispersion. The radial disper-
sion is also reduced because the spheres are smaller 
in relation to the diameter of the bed. Were it not 
for the significantly higher flow rate near the wall, 
a large diameter packed column would essentially 
achieve plug flow. In fact, a flat profile is a 
good assumption for packed systems (1) where sphere 
to tube diameter is very small, e.g., 1/15, but very 
poor for systems having ratios greater than 1/10. 
This longitudinal dispersion problem is also 
compounded by the fact that an increase in void 
fraction produces a larger axial eddy diffusivity, 
i.e., a smaller Peclet number, as was predicted by 
the Prausnitz mixing length model and later confirmed 
experimentally by the aforementioned and others. 
7. 
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Data (6) collected for gas flow in packed 
tubes from 2-4 inches in diameter illustrate the 
radical effect that the change in the void volume 
near the boundary has upon the accurate prediction 
of tbe conversion in the reactor. A peak velocity 
was noticed near the wall which is as one would 
expect. The magnitude of this peak velocity is, I 
believe, surprising for at Dt/DP less than 30 this 
velocity exceeded that near the center by 100%. 
There are no data available to illustrate a liquid 
peak velocity; however one can obviously see that 
this will also be rather significamt. 
Quite often, chemical engineers, in order 
to insure that a minimum retention time is achieved, 
design an extremely long unit; however there are 
many processes today in which it is essential to 
maintain a single constant holding time for all 
particles within the system. These processes include: 
(I) Various leachingi adsorption, and ion 
exchange processes where a sharp breakthrough is 
desirable. 
(II) Packed heat exchangers with heat 
sensitive materials. 
(III) Some physical separation processes 
where various solutes move at different velocities 
through the column, e.g., chromatographic processes 
based on adsorption, extraction, absorption, or ion 
exchange. 
(IV) Chemical and catalytic reactors where 
it is desired that all parts of the feed receive the 
same treatment. (Except for the rare case of zero 
order reactions, the reaction will slow down when 
the reactants become exhausted. Thus a given reactor 
volume is used less efficiently if some portions of 
the feed stay too long and others, for too short a 
time.) 
Thus it is o;:zten d sirable to minimize the 
variations~ the resi nee times that are caused 
---by the "short circuiting'·' of the fluid due to the 
surface wall vs effect on void volumeo 
Hovorka and Kendall (3) have described a 
study of reaction kineti.cs in a baffled tubular 
reactor. Their reasons for using the baffles were 
twofold: (1) to break up their laminar profile with 
subsequent formation of a turbulent profile and (2) 
to effect the division of the tubular section into 
a series of stirred tanks.· 
1~.1-;.....-··· --------
In light of their success, it was decided to 
attempt to devise a similar resistance device that 
would inhibit the fluid streamlining near the wall 
and thereby produce plug flow through a packed 
column. 
Packed columns may be conveniently divided 
into two classes (2): the packed beds with Dt/DP 
ratios greater than 10 or 12 and packed tubes with 
smaller Dt/DP ratios. By convention, the Reynolds 
-number in the former is based on the packing diameter 
and superficial velocity corrected for void space 
and in the latter NRe is based on the tube diameter. 
Since the "wall effect" was to be the main 
subject of attention a 3.5 inch tube was chosen 
rather than a column for in the former the effect 
would be exaggerated and a logical extrapolation 
allows one to say that if the effect could be 
eliminated by baffling in a tube it would most 
assuredly be removed in a column. 
A settling section filled with spheres was 
placed above the entrance at the base of the column 
to uniformly distribute the flow and thereby reduce 
the entrance effects. There was a small open section 
before the main packed section in which a tracer 
injection probe could be adjusted to various radial 
positions. Before the conductivity probe at the 
top of the column which monitored the effluent salt 
concentration with time, there was a small magnetic 
mixer which assured that the probe was monitoring 
a true average concentration of the effluent stream. 
Elution step inputs were utilized in all of 
the experiments; a strip chart recorder kept a 
continuous record of the residence time distributions. 
The time-of=contact curves or residence time curves 
are of practical importance in determining the extent 
of a chemical reaction carried out under these 
hydrodynamic conditions. For example, the area 
under such a residence-time curve may be used to 
calculate holdlll) of the flowing streamo 
' 
Prior to experimenting with baffles, a number 
of runs were performed at tower heights of 4, 3, and 
2 feet with 1/2 and 3/8 inchspheres. Tracer injections 
were made at three radial positions during these 
runs; (1) wall: r/R-1 (2) r/R-0.5 (3) centerline: 
r/R-0. The above runs were performed with water 
Reynolds numbers of 509, 1020, and 1450. 
11. 
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Since the largest difference between the 
residence-time curve for the wall injection and for 
the centerline injection was observed to occur at the 
two foot level and the lowest flow, subsequent runs 
with baffles were made at this length and water rate. 
The baffles, of 1/2 and 1/4 inch annular ring 
design, were always equally spaced within the tube. 
The spacing between the baffles varied from 2 feet 
(no baffles) to 2.4 inches (9 baffles). 
The culmination of this study achieved a 
packed tube that had a constant residence-time curve 
for a tracer at a constant flow rate irrespective 
of the radial position at which it began to react. 
12. 
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III. EQUIPMENT DESIGN 
So that a rather detailed study might be 
made of packed bed residence=time distribution curves, 
a unit of small pilot plant size was constructed 
which incorporated a packed test tower. 
The secondary equipment (Figures 2 and 3), with 
the exception of the electronic monitoring system, 
consists of two fluid systems which are completely 
divorced from one another until their marriage in 
the test vessel. The main carrier liquid for this 
operation was a water stream.9 the other fluid consisted 
of the solution to be injected into the test reactor 
as a tracer elemento 
Bethlehem city water supplied a 55 gallon 
storage tank from wh.ich a 5 gallon head (constant) 
tank was filled by a Goulds centrifugal pump, 
(size l)o An identical pump delivered the water 
from the constant head tank through a needle valve 
which controlled the flow, to a Fischer and Porter 
Co. Precision Bore Flowrator (tube No. B6-35-10/77), 
whose calibration curve is included in the appendix. 
The rotameter curves were supplied by the manufacturer 
and as such were used after only spot checking to 
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check on their accuracy. These curves are generally 
believed to be accurate to within 2%. 
The water continued through the 1/2 inch 
standard steel pipe, which is used throughout this 
flow system with the exception of a few hard rubber 
hose connections of approximately the same I.D.; 
past a gate valve which isolates a drain line during 
operation; to the base of the test unit. 
The clear plastic tower (Figure 4) was divided 
into three 3.594 inch I.D. (4 inch O.D.) sections. 
Plastic tubing was used because it permitted visual 
observations of 
1) the irregular void spaces near the wall 
surface, 
2) the effectiveness of the baffles by noting 
the stagnant areas beneath them, 
3) the flow patterns near the wall of the 
tower when a dye tracer was injected at 
the base. 
The base of the column was a 9 inch high segment 
filled with 3/8 inch alumina spheres to distribute 
the flow of the inlet jet. This base section was 
mounted on a 14 inch square, 1/4 inch steel plate. 
A 2 inch open compartaent was situated above the 
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settling section to allow freedom of movement during 
the adjustment of the tracer probe without disturbing 
the packing in the main tube which was supported 
directly above the open segment. The main column 
was initially 4 feet high; however during subsequent 
runs it was cut to three and lastly to 2 feet in 
length. On the upper end of this tube was fixed a 
conical head with a 7/8 inch I.D. circular outlet 
port. 
The water effluent flowed through this port 
into a short semicylindrical brass unit that had 
a rapidly rotating magnetic stirrer suspended by a 
ball chain in its center (Figure 5). This unit was 
designed to eliminate streamlining and to assure 
that the conductivity probe which was located in a 
1.5 inch O.D., 8 inch long, glass tube just outside 
the outlet port of the mixer unit, gave the true 
average salt concentration as a function of time 
in the effluent stream. The water and the salt 
solution passed through the glass tube and was dis-
carded in the main drain. 
The tracer system (detailed in Figure 3) 
consisted of the injector probe and a solution storage 
tank which was pressurized to about 15 psi with air 
18. 
from the 100 psi laboratory storage unit. With the 
15 psi head, the salt solution was forced through 
tubing to a glass stopcock which was located as 
close to the injector probe as possible to decrease 
draining of solution into the column when the valve 
was closed rapidly. The solution was then injected 
into the column via a probe which was capable of 
being adjusted to any radial position while the test 
unit was in operation. The injector tip consisted 
of the base of a hypodermic needle fixed at a right 
angle to copper tubing. The needle itself proved 
to have too small a diameter and so was removed 
leaving a 0.046 inch diameter hole. 
The conductivity probe (Figure 6) consisted 
of a hollow, 1/4 inch O.D. stainless steel rod 
electrode with an insulated wire whose bare tip 
was the other electrode which protruded from the 
rod's center. The wire tip was held in the center 
of the rod by epoxy glue (non-conductor). The 
conductivity probe was constructed utilizing a 
design which, if the probe were small enough, would 
give a more accurate measurement of conductivity at 
a point source tha~ any that have been previously 
designed (7). However, the probe that was constructed 
19. 
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occupied a large fraction of the area of the out-
let stream and therefore gave the average of the 
effluent concentration most satisfactorily. 
Three eighths inch and one half inch Alundum 
spherical carriers were used in these experiments. 
Alundum fused alumina is a buff colored grain, 
produced by f~ing a mixture of calcined bauxite 
coke and iron borings in a Higgon's electric arc 
furnace. It is classified as a "coarse open 
outside surface" support, particularly adapted to 
accept a surface coated catalyst. 
Of the myriad baffle structures, the annular 
ring design was selected, for the specific purpose 
of the obstruction was to eliminate streamlining 
at the wall by creating a resistance around the 
inside circumference of the tube. The wall and 
one particle diameter away from it were the two pos-
itions of major offense and so, since 1/2 inch spheres 
were used for all the baffled)runs, the rings were 
made in two sizes: 1) annular depth of 1/4 inch and 
2) annular depth of 1/2 inch. The material of con-
struction for each baffle was 1/8 inch rubber 
gasketing. 
22. 
The salt concentration of the effluent stream 
was continuously monitored on a strip recorder whose 
millivolt input was the response of a conductivity 
meter to the milliamp input of the sensing probe. 
The Leeds and Northrup conductivity monitor, 
No. 4957 was used as an electrolytic conductivity 
transducer by providing a 0-10 mv d-c signal to the 
strip recorder. The operation of the monitor is 
based on the application of a stabilized a=c voltage 
to the circuit of a conductivity cell immersed in 
a solution; and on the measurement of the resulting 
current flow through the circuit - the current being 
directly proportional to the conductivity of the 
solution. A useful feature of the monitor is the 
meter on the front face which allows an immediate 
micromhos reading that enables the operator to 
observe quickly the conductivity of the effluent 
stream. 
A permanent record of the residence-time 
curves was obtained by using the Minneapolis Honey-
well Brown Electronik strip recorder, model NO. Y= 
153X18(VA)-X-118. The zero to full scale indicator 
on this recorder was adjusted to operate on an input 
range of from zero to 10 millivolts. The balancing 
23. 
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system of this strip chart unit is full scale 
deflection and balance in less than one second. The 
chart speed was set to one inch per second. This 
high rate was necessary to study the differences 
that were observed in the tim&mof=contact curves. 
Chart paper was conserved by not beginning the 
chart feed mechanism until just before the curves 
began to decay. This procedure required accurate 
timing, and so an electric timer, model No. 62930 
made by Precision Scientific Co. of Chicago, Ill. 
was used. This instrument reads directly in tenths 
of seconds and hundredths may be estimated. 
24. 
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IV. PROCEDURE 
In the apparatus constructed for this study 
a strip chart recorder continuously monitored the 
effluent.salt concentration response characteristics 
of a packed tube resulting from a "step down" tracer 
input. 
The test column was prepared with the selected 
spheres and .internal baffling by dry filling the 
inverted column and, after righting the tower, 
vigorously shaking it vertically. It was then 
bolted in place and the constant head pump turned 
on. Within seconds, the 5 gallon vessel overflowed 
into the 55 gallon storage tank; the second pump was 
activated which forced the water through the packed 
bed. A needle valve, located just below the Flow-
rator, enabled fluid flow adjustment. 
Residual salt was often in the column at 
this time and so a few minutes were allowed to elapse 
before the conductivity monitor was turned on, for 
it had an eighth ampere fuze which burned out as 
soon as the meter drifted above full scale deflection. 
The Brown Electronik was often left on overnight, 
as was advised by the company (Minneapolis Honeywell), 
25. 
whenever a series of runs were to be made within 
twenty-four hours and so the recorder circuit was 
almost always immediately balanced whenever the 
conductivity meter completed the external circuit. 
The monitor required only a few minutes to reach 
equilibrium as was verified by its attainment of 
the steady state value for the city water. 
Since the data po:ints were to be taken from 
the strip charts and normalizedp.i.e.P put on a 
common c/C basis of O.O to 1.0, it was not necessary 
to have an accurately determined tracer solution 
and so a salt solution ,,:as prepared that, when injected 
into the column at the p:articuilar flow rate in which 
a run was to be made, produced a large scale deflec-
tion. The larger the scale deflection, the more 
accurate is the difference i.n the point values 
obtained. After the salt solurt:icJn wa.s put into the 
storage tank, the vessel was pressurized to approx-
imately 15 psi. The air pressuire on the tracer 
tank enabled the operator to have a fairly fine 
control of the salt flowing into the column. 
The mixer was then turned on and the conduct~ 
ivity probe was aligned in the center of the effluent 
stream by viewing the tip through the glass tube at 
26. i 
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the outlet port of the magnetic stirrer. It is to 
be noted here that, before any tests were commenced, 
the probe was placed at various postions within the 
effluent stream without the mixer activated and no 
streamlining was noticed. A colloidal dispersion 
of carbon black and water (''Aqua Blak B", Col1l!.Dlbian 
Carbon Co. N.Y. City) was also sent through the 
column and the effluent stream observed at the glass 
tube. Again there could be found no vi.:sible stream-
lining. Despite this apparent lack of streaming by 
the fluid in the outlet liquid, the magnetic stirrer 
was always used whenever tests at the higher flow 
rates (NRe: 1020; 1450) were made. The mixer was 
not utilized at the low flow rate (NRe: 509) for the 
probe occupied most of the stream cross~sectional 
area. 
After every unit was performing satisfactorily, 
the apparatus was allowed to run for 15 minutes to 
come to equilibriumo This was necessary for slight 
changes in the time=of, .. contact curves were noticed 
to occur during the first 10 minutes. At the end 
of this period, (the radial position of the radial 
injection probe having been previously fixed) the 
stopcock in the injection line was opened and the 
27. 
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strip recorder allowed to reach a steady state value. 
This steady state level can be controlled by the 
pneumatic head in the tracer storage tank. The 
stopcock was then closed rapidly and the electric 
timer started simultaneously. When the monitor 
showed the first indication that concentration decay 
was beginning, the timer was stopped; the time that 
had elapsed noted; and an estimate determined as to 
what delay time to allow before the chart feed mech-
anism should be activated so as to record all of the 
conc~ntration decay curve in an actual test run. 
Once this had been determined, the operation was 
repeated, however this time, as the timer reached 
the predetermined delay interval, the chart feed 
mechanism was activated. 
When the run was finished, the delay time 
was marked on the chart so that the time correction 
could be made when the point values were read from 
the chart. 
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I V. DISCUSSION OF RESULTS 
A narrow distribution of residence times 
during which the reactants and products are in 
contact with the catalyst is desirable in the 
operation of any chemical reactor. This is especially 
true for 
1) consecutive reactions in which a maximum 
yield of an intermediate product is desired 
2) simultaneous reactions where the desired 
product is the more rapid reaction 
and so, the short circuiting 
of fluid near the wall of a packed bed is an un-
desirable feature of this vessel. 
The purpose of this study was to investigate 
the possibility of rendering the time-of-contact 
curves insensitive to the radial injection position 
of a tracer solution. 
An elution step input was selected for this 
tower analysis for in an elution step, the last 
bit of tracer to diffuse out of the packing is easily 
detected analytically since the liquid in the inter-
particle voids during the terminal response is essent-
ially free of tracer, as opposed to the saturation 
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step (step-up) where the last bit of tracer to dif-
fuse into the packing cannot be detected because 
it is masked by the relatively large quantity in the 
liquid flowing through the interparticle voids. 
Runs were made with two sphere sizes and 
column heights of 4, 3, and 2 feet. Tracer was 
injected in three radial positions at the base of 
the column; 1) wall: r/R=l, 2) midpoint: r/R-0.5, 
3) centerline: r/R=O. The elution step allowed 
examination of the concentration decay curves at 
the various conditions. Two tests were made without 
disturbing the column or flowrate at each radial 
position and an averaged value from the two charts 
was recorded at each one second interval. The charts 
for a single position practically superimposed and 
so for many of the points an averaged value w:£ts not 
necessary. The points were first normalized by 
subtracting the lowest value from all of the higher 
ones and then put on a common basis with the other 
trials by dividing each number by the corrected 
initial concentration. This put all of the data 
for the runs on a o.o to 1.0 concentration versus 
time basis. 
Since the main goal of this research was a 
30. 
relative result, i.e., deteraining whether or not a 
series of curves are significantly different, it was 
decided to analyze the data statistically and so a 
pooled "T" test (Appendix A.2) involving the mean 
points of each curve was selected to determine the 
degree of significance of the difference between the 
time-of-contact curves of the wall injection and 
that of the centerline injection for each experimental 
condition. A difference between the pooled mean 
values of the centerline and that of the wall was 
ascertained for all of the non-baffled runs and 95% 
confidence limits were established for each value 
(Figure 7). 
The 2 foot column, using 1/2 inch spheres 
and the lowest-flow rate of NRe•509, gave the 
significantly largest difference of the means and 
so this condition obviated examination of more than 
one flow rate, column length, and sphere size during 
the baffled bed tests. It was also noted that the 
concentration decay curve for the midpoint radial 
injection position always lay between the two 
extremes of the wall and centerline injections 
and so it was not necessary to use midpoint tracer 
introductions during the baffled runs. 
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As the data for 1, 2, and 3 baffles, from 
the 1/2 inch baffled tube tests were processed, it 
was noticed that the decay curves actually approached 
one another with increase in baffle number as had 
been expected; however when the fourth baffle: was 
added to the tube the residence~time curves reversed, 
i.e., the tracer that had been injected at the wall 
took longer to go through the column than that which 
was introduced at the center (Figures 8, 9, 10, and 
11). The fifth and sixth baffle addition verified 
and widened the reversed gap between the decay 
curves. In order to examine the eventual trend of 
the 1/2 inch multibaffle effect, 9 baffles were 
placed in the tube. The result indicated that after 
the first three baffles when 1/2 inch annular-rings 
were used, the difference between the curves reached 
a maximum asymptotically in which tracer that had 
been introduced near the wall at the base of the 
column, actually took longer to go throttgh the tower 
than that that had entered near the center. 
The effect on the time-of-contact curves from 
the addition of the 1/4 inch tings was significantly 
different from that described above for the 1/2 
inch size. After processing the data fro• the first 
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Figure 7 
THE DIFFERENCE BETWEEN THE CONCENTRATION 
POOLED MEAN OF THE CENTERLINE TIME-OF-CONTACT CURVE 
AND THAT OF THE WALL AS A FUNCTION OF FLOW RATE 
FOR NON-BAFFLED RUNS 
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three runs, i.e., 1, 2, and 3 baffles, it was found 
that although the decay curves approached each other 
as the nwaber of baffles were increased, the approach 
was not as rapid as that of the 1/2 inch tests (Fig-
ures 8, 9, 10, and 11). However, because of the 
smaller surface area of the baffles, this was to 
be expected. As baffles 4, 5, and 6 were added to 
the column on consecutive runs the concentration 
versus time curves for the centerline and wall pos~ 
itions did not reverse themselves, as had occurred 
when the 1/2 inch annular-rings were used. The area 
beneath the two curves approached an identical value 
as more baffles were added; however, up to the sixth 
baffle the difference between the curves of the wall 
injection and the centerline injection was, as shown 
by statistical analysis (Figures 10 and 11), still 
significantly different. The success of this research 
was realized when, after analyzing the data from 
the tests utilizing 9 baffles with the 2 foot column 
height and the lowest flow rate (the conditiolJls 
which originally offered the greatest difference 
between the time-of-contact curve of the wall and 
that of the centerline), the wall tracer decay curve 
proved to be insignificantly different from that 
of the centerline injection, or stated more siaply, 
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Figure 8 
THE EFFECT OF BAFFLES UPON THE DIFFERENCE 
BETWEEN THE POOLED MEAN OF THE CENTERLINE TIIIE-OF-
CONTACT CURVE AND THAT OF THE WALL (ALSO INCLUDED 
ARE THE 95% CONFIDENCE LIMITS) 
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Figure 9 
THE EFFECT OF BAFFLES UPON THE DIFFERENCE 
BETWEEN THE POOLED MEAN OF THE CENTERLINE TIME,..OF-
CONTACT CURVE AND THAT OF THE WALL (ALSO INCLUDED 
ARE THE 95% CONFIDENCE LIMITS) 
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Figure 10 
ABSOLUTE POOLED T VALUES EXPRESSED AS A 
FUNCTION OF THE NUMBER OF BAFFLES (Actual time basis) 
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Figure 11 
ABSOLUTE POOLED T VALUES EXPRESSED AS A FUNCTION 
OF THE NUMBER OF BAFFLES (Standard basis - 38 sec.) 
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"T" 
true plug flow had been produced. 
Annular rings of 1/2 and 1/4 inch width were 
used, for the major areas of streamlining in packed 
beds lie at the wall and one diameter from it. 
Since 1/2 inch diameter spheres were used in the 
packed bed, the 1/4 inch baffle was thought sufficient 
to break up the wall stream while the 1/2 inch stream 
would affect both of the offensive areas. 
The area underneath the concentration decay 
curves of the multibaffled runs has been calculated 
and the differences between the wall and the center-
line curves have been presented in Figure 120 To 
illustrate the relative size of the differences in 
the time-of-contact curves of the wall injection 
as opposed to that of the centerline, it will be 
noted from the appendix that the average area under 
the curve for the 1/4 inch, 5 baffle run at the 
centerline is 56.90 inches and that for the wall 
is 56.09 inches; a difference of 1.42%. Since 
conversion of the areas to mean residence times 
would involve division of both nwabers (56.90 and 
56.09) by the same number, 1.42% is also the percent= 
age difference in the mean residence times of the 
tracer resulting from the two different radial 
39. 
injection positions. 
The final data shows that the 1/2 inch baf-
fles were too large for the column used for they 
caused a greater resistance near the wall than was 
necessary. Admittedly, by varying the spacing of 
the rings while 3 or 4 of them were in the tube, 
the desired effect might be achieved, but this is 
unlikely and, at best, an approach of considerable 
uncertainty. 
Also to be noted is the fact that there oc-
curred a general decrease in residence time of the 
tracer in the tower as the number of baffles in-
creased (Appendix B.l). Although the rings tend 
to orient the spheres, the overall effect is to 
decrease the effective flow area of the tube by 
encouraging a periodic dead space between the baf-
fles (Figure 13). This was verified by observing 
that the utail-offu with the high baffled runs is 
much longer than that of the low which would suggest 
more holdup, i.e., tracer diffusion into and out 
of dead space created between the rings. 
To substantiate the visual observations 
statistically, an analysis of variance was perforaed 
40. 
Figure 13 
EFFECTIVE FLOW AREA IN IIULTIBAFFLED PACKED 
COLUIIN 
DEAD SPACE 
PACKING 
on the data from the baffled column incorporating 
the method of factorial design. A block design was 
set up as shown in Figure 14 which enabled a study 
of three variables, 1) baffle size at two levels, 
2) radial position at two levels 1 3) number of 
baffles at seven levels; in other words: a 2X2X7 
configuration. However, since the wall versus center-
line effect had been previously examined with the 
"T" test, for mean differences were of interest 9 
it was, of course, not necessary to repeat this 
study and the block design was collapsed on these 
variables into a 2X7 (Figure 15). A third run was 
made on all of the baffled tests, for in order to 
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Figure 12 
THE DIFFERENCE BETWEEN THE AREA UNDERNEATH 
THE TIME-OF-CONTACT CURVE OF THE CENTERLINE INJECTION 
AND THAT OF THE. WALL AS A FUNCTION OF THE NUMBER OF 
BAFFLES 
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analyze the interaction tel°Dl a mean square within 
cells was necessary, which meant that replication 
was needed. 
The.final results are shown i.11 the Analysis 
of Variance Table (II) 
R 
C 
RXC 
TABLE II 
ANALYSIS OF VARIANCE 
Source 
of 
Variation 
Baffle 
Size 
Baffle 
Number 
Size 
Versus 
Number 
Sum Degrees Mean F 
of of Square 
Squares Freedom 
20.10 1 20.10 397 
5.83 115 
7.85 6 1.31 25.9 
ERROR Within 0.71 14 0.0507 
Treatments 
TOTAL 63.63 27 
Significance level at 99% for 1 and 14• 8.86 6 and 14= 4.46 
As expected, the baffle size; number of baffles; 
and their interaction are all significant. The 
significance of the latter is of major import, for 
it verifies that the effect realized when we in= 
crease the nUllber of baffles is dependent on the 
choice of baffle size. 
44. 
. , 
~ 
!' r RECOMMENDATIONS 
The success of this research with the 1/4 
inch annular rings merely proved that plug flow 
could be realized in a packed bed if a proper res-
istance was added. The determination of the correct 
baffle size and spacing as a function of flow rate, 
sphere size, and column length is suggested for 
future study. 
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VII. APPENDIX 
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VII. APPENDIX 
A. Sample Calculations 
1) Analysis of Variance 
Column Factor cl c2 C 
Row Factor 
C 
Rl 
x111 ~11 xcll 
• • • 
• 0 • 
xllk ~lk xclk 
c• c@lumn levels 
xlrl 
R • ro-w levels r • r""' 
xlrk k:a replicates 
Total Data • erk 112 N 
Source Sum of Sq.mares Degrees of Freedom 
C Factor ~ (C tota1)2 (~ x)2 c~l rk "" N 
R Factor ~ ( R c~otals )_2 _ ( !. x)2 r=l N 
RXC Subtotal .., C = R ( c.., 1 ) ( r-1 ) 
Interaction 
Subtotal ~ (replickte totals)2_ ~? rc=l 
,, 
'.', Error Total - RXC - R .., C rc(k=·l) 
Total 
r •• '1 
I I, 
i 
A. Sample calculations (Cont'd) 
2) Pooled "T" Test 
Sec. Wall Trace Center Trace Differences (Diff.)
2 
(mean of 2 (mean of 2 
measures) measures) 
0 WO co wo-co <wo=co> 
• • 
0 0 • 
• • • 
• • 
• • • 
• • 
i wi Ci wf .. c1 (Wf·'Ci) 
~ (W i''"Ci) ~<wf .. c1) 
- -Te 1i "" ~ ~ (µ1 - µ2) 
s. -
xl-x2 
S2 = tx2~ jc2 
sample 'R 
2 
(8sampleN) 2 
= 
8population 
N=l 
T = 
----
rr 
where; MD e i (wf .. ci) 
N 
2 2 
8D <:il 2.<w1..,c1 > 
N 
3) Reynolds Number Calculations 
NRe • DVp where: 
µ D • diameter of the particles 
(M )2 
D 
2 
2 
2 
Vp • pounds per square foot per second of 
flow corrected for packing volume 
µ•viscosity of the fluid in pounds 
per foot~second 
a. NRe at Flowrator reading of 20 
NRe • DVp • 0.5 X 14 X 4 X 144 X 3600 2 
µ l2 X 2.48 X 60 X 0.4 X 3.l4 X {3.56) 
• 509 
b. N88 at Flowrator readi
ng of 40 
NRe • DVp • 509 x 28 / 14 • 1,020 
µ 
c. NRe at Flowrator reading of 60 
NRe e DVp • 509 x 40 / 14 • 1,450 
µ 
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B. swmu.ry of Data and Calculated Values 
1) Area Beneath Time-of-contact curves for 
Baffled Runs (inches) 
'· 
. ' 
I.' 
,•'l, 
1/4 
·,·. 
inch Number of Baffles Centerline Wall 
/~· 
9 54.01 53.93 
9 54.71 54.20 
6 55.52 55.21 
6 55.48 55.08 
5 56.80 56.04 
5 56.99 56.14 
4 66.75 65.99 
4 56.26 55.49 
3 58.81 58.13 
l 
3 58.62 58.06 
2 59.63 57.58 
2 59.47 57.60 
1 58. 72 55.99 
l 58. 79 56.24 
1/2 inch 9 56.28 
59.75 
9 56.39 59.75 
6 55.15 57.49 
6 56.42 57.68 
5 63.94 64.81 
5 63.62 64.45 
4 59.02 60.04 
4 58.95 59.88 
3 65.95 65.26 
3 65.95 65.26 
2 66.23 65.73 
2 65.86 65.50 
1 63.93 62.56 
1 64.04 62.45 
2) "T" Test Results 
1/2 inch 1/4 inch 
Baffles Tactual Tstandard Tactual Tstandard 
0 5.331 5.724 5.331 5.724 
1 4.382 4.416 4.879 4.946 
2 5.436 5.702 4.356 4.356 
3 4.343 4.366 3.517 3.637 
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B. SUJ11Dary of Data and Calculated Values (Cont'd) 
4 X'd 5.889 6.216 4.948 3.941 
5 5.901 6.092 3.440 3.354 
6 7.231 7.104 3.041 3.067 
9 5.445 5.390 3.000 2.940 
-
-1) AX 2) AX standard base actual base 
i \'. 
·', v. 
·'' 
0 0.04608 + 0.01630 0.03806 + 0.01438 
" ,~ 
1 0.01413 - 0.00649 0.01343 - 0.00621 
( 
f 
2 0.00455 0.00162 0.01882 0.00876 
~ 
3 0.00716 0.00332 0.00411 0.00229 
!r 
i: 
4 0.00976 0.00318 0.00753 0.00519 
l. (,, 
5 0.00774 0.00257 0.00597 0.00361 
\', 
6 0.01126 0.00321 0.00200 0.00132 
9 0.03218 0.01210 0.00018 0.00058 
,, 
.. 
? f, 1/2 inch 1/4 inch 
.:-
., 
" l.: 
I, 
I 
0 0.03806 0.01438 0.02420 0.01438 
~. 
\ 
1 0.01343 0.00621 0.02418 0.01004 
,. 
' 
2 0.00402 0.00149 0.01882 0.00876 
1, 
I, 
0.00697 0.00325 0.00459 0.00252 
I. 
3 
I 
4 0.00862 0.00295 0.00841 0.00434 
5 0.00717 0.00245 0.00688 0.00407 
6 0.01157 0.00324 0.00238 0.00159 
9 0.03305 0.01230 0.00021 0.00066 
3) The Difference Between Tbe Pooled Mean Of 
The Centerline Injection Decay curve And That Of 
The Wall Injection For The Non-baffled Runs 
-
Sphere Column Flowrator AX ,+ 95% Conf. 
Limits 
Size Height Reading -
1/2" 2' 20 0.03806 0.01438 
·1/2u 2' 40 0.03743 0.01632 
1/2'' 2' 60 0.03237 
0.02000 
3/8" 2' 20 0.01430 0.02130 
3/8" 2' 40 0.01376 
0.00725 
3/8" 2' 60 0.01409 0.01250 
1/2" 3' 20 0.00339 0.00302 
1/2" 3' 40 0.00405 0.00216 
1/2" 3' 60 0.00682 0.00500 
3/8" 3' 20 0.01821 
0.00793 
' .. 
? 
)· 
B. SW111&ry of Data and calculated Values (Cont
9d) 
3/8" 3' 40 0.01296 0.01065 
3/8" 3' 60 0.01545 0.01101 
1/2" 4' 20 0.01957 0.00728 
1/2" 4' 40 0.00549 0.00240 
1/2 .. 4' 60 0.00552 0.00296 
3/8" 4' 20 0.00796 0.00313 
3/8" 4' 40 0.01850 0.01053 
3/8" 4' 60 0.02040 0.01573 
4) Concentration Decay Curves (Baffled) 
Sec. D W C W Sec. C w C
 w 
1/2" l Baffle 
12 l l l l 
13 l 1 1 1 
14 1 1 l l 
15 1 l l 1 
16 l l l 1 
17 l .992 1 .995 
18 .994 .997 .973 .972 
19 .972 .947 .974 .941 
20 .926 .885 .932 .878 
21 .866 .829 .872 .824 
22 .780 .730 .796 .725 
23 .685 .623 .685 .621 
24 .580 .524 .585 .523 
25 .485 .431 .489 .427 
26 .398 .354 .406 .354 
27 .318 .280 .323 .280 
28 .255 .225 .257 .222 
29 .198 .179 .197 .177 
30 .156 .138 .157 .134 
31 .119 .108 .121 .106 
32 .088 .080 .089 .076 
33 .067 .062 .068 .062 
34 .051 .049 .051 .049 
35 .038 .037 .038 .035 
36 .029 .028 .030 .025 
37 .021 .020 .021 .012 
38 .013 .014 .013 .oos 
39 .010 .oos .oos .005 
40 .005 .006 .002 .001 
41 0 0 0 0 
1/2" 2 Baffle 
12 l l l 1 
13 1 1 1 1 
14 1 1 1 l 
151 1 1 1 l 
16 1 1 1 l 
17 .997 .990 .997 .993 
18 .993 .985 ~995 .989 
19 .974 .962 .975 .972 
20 .943 .943 .948 .954 
21 .989 .885~.899 .905 
22 .823 .826 .828 .813 
23 .744 .733 .743 .740 
24 .654 .640 .657 .648 
25 .559 .543 .562 .552 
26 .464 .457 .464 .465 
27 .383 .381 .384 .383 
28 .316 .312 .312 .316 
29 .250 .254 .252 .255 
30 .199 .203 .200 .205 
31 .154 .160 .154 .160 
32 .121 .130 .121 .132 
33 .093 .097 .094 .097 
34 .074 .078 .077 .078 
35 .059 .061 .063 .062 
36 .044 .049 .046 .049 
37 .031 .036 .031 .036 
38 .025 .029 .027 .031 
39 .016 .022 .018 .023 
40 .012 .013 .012 .015 
41 .004 .007 .003 .006 
42 0 0 0 0 
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B. Summary of Data and Calculated Values (Cont'd) 
Sec. C w C 
1/2" 3 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 1 1 1 1 
16 1 · 1 1 1 
17 1 1 1 1 
w 
18 .998 .991 .998 .991 
19 .980 .965 .980 .965 
20 .952 .939 .952 .939 
21 .908 .885 .908 .885 
22 .839 .818 .839 .818 
23 .760 .727 .760 .727 
24 .667 .635 .667 .635 
25 .568 .540 .568 .540 
26 .472 .448 .472 .448 
27 .390 .368 .390 .368 
28 .312 .300 .312 .300 
29 .254 .245 .254 .245 
30 .196 .192 .197 .192 
31 .149 .147 .149 .147 
32 .113 .112 .113 .112 
33 .084 .084 .084 .084 
34 .065 .063 .065 .063 
35 .040 .042 .040 .042 
36 .024 .032 .024 .032 
37 .014 .020 .014 .020 
38 .007 .009 .007 .009 
39 .ooo .006 .ooo .006 
40 .ooo .ooo .ooo .ooo 
41 .ooo .ooo .ooo .ooo 
42 .ooo .ooo .ooo .ooo 
43 .ooo .ooo .ooo .ooo 
l/2u 5 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 1 1 1 1 
16 .996 .999 .996 1 
17 .992 .996 .992 .996 
18 .982 .978 .982 .980 
19 .954 .948 .954 .943 
20 .910 .911 .910 .908 
Sec. C w C w 
1/2M 4 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 1 1 1 1 
16 .984 .994 .986 .989 
17 .962 .976 .966 .969 
18 .923 .932 .925 .924 
19 .854 .870 .861 .864 
20 .767 .765 .769 .783 
21 .675 .694 .674 .694 
22 .570 .595 .573 .595 
23 .479 .505 .482 .503 
24 .388 .419 .393 .417 
25 .316 .339 .318 .339 
26 .256 .280 .256 .278 
27 .209 .229 .211 .231 
28 .163 .188 .160 .188 
29 .124 .146 .124 .148 
30 .101 .120 .098 .122 
31 .082 .096 .079 .096 
32 .065 .077 .062 .080 
33 .054 .062 .047 .065 
34 .043 .049 .040 .048 
35 .031 .040 .031 .040 
36 .026 .034 .025 .034 
37 .025 .028 .023 .029 
38 .025 .020 .020 .021 
39 .016 .015 .012 .017 
40 .008 .012 .008 .011 
41 .003 .009 .003 .008 
42 .ooo .005 .ooo .003 
43 .ooo .ooo .ooo .ooo 
l/2u 6 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 .995 .999 .993 1 
15 .988 .994 .988 .991 
16 .972 .978 .971 .975 
17 .935 .942 .930 .940 
18 .880 .882 .870 .875 
19 .811 .814 .790 .815 
20 .708 .722 .697 .720 
53. 
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21 .853 .853 .853 .854 
22 .775 .781 .775 .780 
23 .683 .695 .683 .692 
24 .585 .607 .585 .600 
25 .490 .517 .490 .510 
26 .398 •• 27 .398 .424 
27 .320 .344 .320 .344 
28 .255 .282 .255 .280 
29 .198 .224 .198 .224 
30 .155 .176 .155 .176 
31 .122 .144 .122 .140 
32 .092 .112 .092 .110 
33 .072 .086 .072 .084 
34 .057 .070 .057 .070 
35 .051 .054 .051 .054 
36 .031 .040 .031 .040 
37 .025 .028 .025 .030 
38 .018 .022 .018 .024 
39 .010 .020 .010 .020 
40 .004 .014 .004 .012 
41 .ooo .003 .ooo .004 
42 .ooo .ooo .ooo .ooo 
1/2'~ 9 Baffles 
12 1 1 1 1 
13 1 1 1 l 
14 .994 1 .994 1 
15 .981 .995 .981 .994 
16 .960 .984 .960 .980 
17 .925 .954 .925 .947 
18 .872 .917 .872 .903 
19 .798 .850 .798 .834 
20 .704 .784 .704 .778 
21 .595 .694 .595 .692 
22 .498 .603 .498 .597 
23 .414 .515 .414 .514 
24 .336 .434 .336 .434 
25 .270 .362 .270 .364 
26 .205 .286 .205 .287 
27 .157 .234 .157 .239 
28 .116 .186 .116 .186 
29 .087 .145 .087 .147 
30 .062 .111 .062 .114 
21 .593 .631 .590 .635 
22 .488 .528 .492 .525 
23 .403 .443 .400 .438 
24 .324 .354 0322 .355 
25 .252 .283 .250 .288 
26 .197 .222 .197 .225 
27 .156 .170 .153 .175 
28 .116 .138 .119 .138 
29 .086 .103 .087 .105 
30 .072 .075 .067 .080 
31 .049 .068 .050 .060 
32 .037 .050 .035 .050 
33 .025 .033 .025 .033 
34 .017 .023 .015 .025 
35 .007 .013 .005 .013 
36 .ooo .008 .ooo .005 
37 .ooo .ooo .ooo .ooo 
38 .ooo .ooo .ooo .ooo 
39 .ooo .ooo .ooo .ooo 
40 .ooo .ooo .ooo .ooo 
41 .ooo .ooo .ooo .ooo 
42 .ooo .ooo .ooo .ooo 
1/4u 1 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 .994 .985 .999 .983 
16 .984 .962 .987 .962 
17 .960 .923 .965 .924 
18 .915 .860 .924 .865 
19 .847 .782 .853 .782 
20 .769 .675 .777 .675 
21 .672 .579 .672 .578 
22 .576 .474 .576 .475 
23 .471 .386 .476 .387 
24 .381 .309 .386 .310 
25 .311 .246 .311 .244 
26 .248 .193 .249 .195 
27 .194 .149 .197 .149 
28 .152 .118 .152 .121 
29 .121 .091 .128 .095 
30 .081 .070 .095 .072 
54. 
I' 
', 
B. SU1111ary of Data and calculated Values (Cont'd) 
31 .049 .083 .049 .083 
32 .032 .064 .032 .064 
33 .014 .047 .014 .053 
34 .013 .033 .013 .039 
35 .ooo .028 .ooo .019 
36 .ooo .010 .ooo .010 
37 .ooo .ooo .ooo .ooo 
38 .ooo .ooo .ooo .ooo 
39 .ooo .ooo .ooo .ooo 
1/4" 2 Baffles 
12 l l 1 1 
13 l 1 1 1 
14 l 1 1 l 
15 1 • 995 l 1 
16 1 .980 1 .982 
17 .970 .957 .973 .• 959 
18 .938 .908 .938 .915 
19 .880 .820 .876 .822 
20 .797 .724 0797 .794 
21 .704 .627 .704 .614 
22 .609 .532 .609 .529 
23 .539 .447 .515 .442 
24 .414 .358 .413 .356 
25 .334 .288 .333 .284 
26 .262 .227 .262 .226 
27 .208 .178 .207 .176 
28 .161 .139 .160 .143 
29 .122 .105 .122 .106 
30 .090 .075 .090 .072 
31 .066 .059 .068 .058 
32 .052 .044 .054 .044 
33 .038 .031 .038 .032 
34 .035 .021 .035 .026 
35 .021 .017 .012 .009 
36 .014 .009 .012 .oog 
37 .004 .ooo .005 .ooo 
38 .ooo .ooo .ooo .ooo 
1/4" 4 Baffles 
12 1 1 1 1 
31 .073 .053 .073 .053 
32 .055 .040 .052 .040 
33 .045 .028 .041 .026 
34 .035 .018 .035 .018 
35 .023 .014 .025 .014 
36 .017 .005 .014 .009 
37 .012 .004 .012 .002 
38 .004 .ooo .003 .ooo 
39 .ooo .ooo .ooo .ooo 
1/4" 3 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 l 1 1 l 
16 .992 .989 .990 .992 
17 .979 .966 .976 .971 
18 .940 .921 .930 .927 
19 0890 .868 .877 .878 
20 .805 .792 .795 .802 
21 .712 .695 .700 0707 
22 0616 .594 .608 .600 
23 .509 .490 .503 .497 
24 .403 .396 .398 .404 
25 .314 .312 .311 .318 
26 .246 .244 .244 .246 
27 .182 .183 .178 .186 
28 .136 .140 .136 .140 
29 .100 .100 .101 .102 
30 .069 .073 .067 .075 
31 .046 .052 .044 .052 
32 .031 .031 0029 .029 
33 .010 .013 .014 .013 
34 .ooo .ooo .ooo .ooo 
35 .ooo .ooo .ooo .ooo 
36 .ooo .ooo .ooo .ooo 
37 .ooo .ooo .ooo .ooo 
38 .ooo .ooo .ooo .ooo 
1/4" 5 Baffles 
12 1 1 1 1 
55. 
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13 1 1 1 1 
14 1 .997 1 1 
15 1 .994 1 .996 
16 .990 .968 .988 .965 
17 .955 .933 .952 .928 
18 .902 .8J3 .892 .864 
19 .819 .785 .806 .772 
20 .725 .684 .709 .672 
21 .620 .585 .608 .575 
22 .514 .484 .506 .478 
23 .407 .387 .399 .380 
24 .319 .308 .311 .301 
25 .248 .238 .241 .232 
26 .195 .187 .186 .185 
27 .142 .141 0140 .138 
28 .103 .097 .100 .097 
29 .071 .071 .071 .069 
30 .048 .049 .046 .048 
31 .032 .032 .031 .030 
32 .018 .021 .018 .018 
33 .004 .009 .004 .007 
34 .ooo .ooo .ooo .ooo 
1/4" 6 Baffles 
12 1 1 1 1 
13 1 1 1 1 
14 1 1 1 1 
15 .996 .993 1 .990 
16 .980 .974 .976 .969 
17 .948 .934 .936 .923 
18 .885 .879 .873 .867 
19 .801 .786 .776 .761 
20 .702 .692 .695 .685 
21 .590 .577 .583 .572 
22 .477 .475 .469 .464 
23 .381 .381 .372 .370 
24 .293 .291 .285 .280 
25 .226 .224 .225 .223 
26 .167 .164 .163 .160 
27 .119 .119 .118 .116. 
28 .083 .083 .081 .• 080 
29 .055 .055 .053 .053 
30 .031 .031 .031 .031 
13 1 1 1 1 
14 1 1 1 1 
15 1 1 1 1 
16 .990 .984 .993 .985 
17 .961 .949 .965 .952 
18 .909 .883 .921 .884 
19 .835 .804 .847 .804 
20 .744 .714 .772 .714 
21 0635 .595 .644 .594 
22 .523 .499 .530 .500 
23 .426 .404 .434 .404 
24 .333 .321 .342 .322 
25 .254 .250 .262 .250 
26 .109 .185 .191 .186 
27 .142 .140 .146 .140 
28 .107 .102 .106 .102 
29 .074 0074 .076 .074 
30 .052 .048 .052 .048 
31 .031 .031 .033 .031 
32 .019 .017 .019 .017 
33 .ooo .ooo .ooo .005 
34 .ooo .ooo .ooo .ooo 
1/4" 9 Baffles 
12 1 1 1 1 
13 .996 1 .994 1 
14 .994 .997 .988 .997 
15 .982 .985 .986 .993 
16 • 962 .• 962 .968 • 968 
17 .915 .913 .924 .925 
18 .839 .835 .855 .845 
19 .742 .738 .765 .746 
20 .627 .625 .657 .642 
21 .514 .512 .542 .524 
22 .414 .410 .438 .418 
23 .322 .321 .345 .324 
24 .244 .246 .265 .242 
25 .184 .184 .195 .181 
26 .133 .135 .141 .131 
27 .096 .998 .101 .095 
28 .071 .071 .069 .067 
29 .051 .049 .049 .043 
30 .031 .031 .028 .036 
56. 
l 
l· 
B. Summary of Data and calculated Values (Cont'd) 
31 .019 .019 .017 .017 
32 .ooo .ooo .ooo .ooo 
33 .ooo .ooo .ooo .ooo 
31 .020 .018 .014 .012 
32 .009 .009 .ooo .ooo 
33 .ooo .ooo .ooo .ooo 
5) Concentration Decay Curves (non-baffled) 
2' 1/2" 20 2' 1/2" 40 2' 1/
2" 60 
Sec. W M C Sec. W M C Sec. W M C 
14 1 1 1 7 1 1 1 0 1 1 1 
15 .998 1 1 8 1 1 1 1 1 1 1 
16 .993 .998 1 9 .998 1 1 2 1 1 1 
17 .979 .985 1 10 .988 .984 1 3 1 1 1 
18 .960 .964 1 11 .930 .937 .985 4 1 1 1 
19 .912 .931 .982 12 .832 .843 .925 5 1 1 1 
20 .858 .880 .950 13 .697 .715 .816 6 1 1 1 
21 .788 .812 .904 14 .563 .583 .687 7 1 .998 1 
22 .710 .745 .842 15 .431 .449 .547 8 .946 .950 .982 
23 .630 .658 .780 16 .320 .342 .425 9 .775 .798 .885 
24 .549 .602 .698 17 .246 .257 .324 10 .570 .594 .689 
25 .485 .518 .620 18 .177 .182 .248 11 .380 .412 .482 
26 .,22 .439 .540 19 .132 .141 .181 12 .247 .266 .326 
27 .352 .378 .471 20 .091 .103 .140 13 .152 .167 .211 
28 .306 .329 .404 21 .068 .077 .104 14 ,091 .110 .133 
29 .266 .281 .361 22 .044 .056 .075 15 .057 .065 .082 
30 .224 .236 .298 23 .034 .041.05716 .030 .034 .052 
31 .192 .202 .259 24 .016 .026 .044 17 .008 .008 .022 
32 .161 .165 .214 25 .005 .018 .026 18 .ooo .ooo .007 
33 .128 .137 .181 26 .ooo .008 .018 19 .ooo .ooo .ooo 
34 .106 .114 .152 27 .ooo .ooo .013 20 .ooo .ooo .ooo 
35 .091 .097 .123 28 .ooo .ooo .005 
36 .074 .077 .100 29 .ooo .ooo .ooo 
37 .058 .063 .080 
38 .050 .048 .• 062 
39 .039 .042 .049 
40 .030 .035 .041 
41,026.026 .030 
42 1017 .017 .021 
43 .015 012 .015 
44 .oos .003 .oos 
45 .003 .001 .003 
46 • 000 • OGI. i. 000 
57. 
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2' 3/SN 20 
11 1 1 1 
12 1 1 1 
13 1 1 1 
14 1 1 1: 
15 1 l 1 
16 .998 ,992 1 
17 ,988 .984 .994 
18 .964 .964 .979 
19 .925 .921 .954 
20 .900 .874 .910 
21 .809 .805 .857 
22 .754 .710 .773 
23 .629 .624 .687 
24 .544 .530 .594 
25 .459 .452 .529 
26 .390 .388 .429 
27 .324 .319 .370 
28 .269\.272 .306 
29 .221 .224 .257 
30 0179 .181 .211 
31 .146 .148 .167 
32 .122 .120 .136 
33 .099 .097 .109 
34 .073 .077 .084 
35 .058 .059 .064 
36 .046 .045 .053 
37 .033 .038 .044 
38 .025 .032 .034 
39 .020 .022 .027 
40 .016 .018 .021 
41 .009 .014 .017 
42 .005 .004 .016 
43 ,003 .002 .012 
44 .ooo .ooo .010 
45 .ooo .ooo .004 
46 .ooo .ooo .ooo 
3' 1/2" 20 
2' 3/8" 40 2' 3/8" 60 
6 1 1 1 0 1 1 1 
7 1 1 1 1 1 1 1 
8 1 1 1 2 1 1 1 
9 1 1 1 3 1 1 1 
10 .992 .989 1 4 1 1 1 
11 .936 .938 .985 5 1 1 1 
12 ,832 .832 .890 6 1 1 1 
13 .685 .685 .755 7 ,998 .988 .998 
14 .638 .560 .605 8 .940 .935 .966 
15 .438 .425 .472 9 .722 .701 .820 
16 .338 .326 .364 10 .474 .461 .547 
17 .285 .240 .279 11 .333 .324 .377 
18 .186 .181 .215 12 .247 .233 .273 
19 .142 .135 .162 13 .176 .158 .189 
20 ,096 .091 .113 14 .123 .108 .124 
21,064 .061 .078 15 .078 .070 .080 
2i .044 .046 .054 16 .048 .042 .044 
23 ,036 .032 .038 17 .030 .022 .027 
24 .023 .023 .028 18 .020 .012 .016 
25 .016 .009 .019 19 .016 .003 .009 
26 .008 .005 .014 20 .090 .001 .004 
27 .002 .004 .009 21,005 .ooo .ooo 
28 .ooo .ooo .002,.22 .001 .ooo .ooo 
29 .ooo .ooo .ooo 23 .ooo .ooo .ooo 
30 .ooo .ooo .ooo 
3' 1/2'' 40 3' 1/2" 60 
23 1 1 1 14 l 1 1 9 1 1 1 
24 1 1 1 15 .997 .997 1 10 1 1 1 
ff 25 ,994 • 994 • 998 16 • 975 • 975 • 980 11 • 996 • 996 • 999 
26 ,989 .987 .990 17 .930 .931 .940 12 .944 .950 .962 
58. 
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27 .989 .987 .990 18 .858 .852 .872 13 .854 .859 .876 
28 .955 .950 .956 19 .757 .740 .778 14 .686 .695 .722 
29 .924 .919 .930 20 .642 .629 .646 15 .520 .507 .551 
30 .880 .881 .884\.~1 .532 .516 .555 16 .364 .373 .389 I 
31 .828 .834 .837 22 .424 .414 .425 17 .237 .243 .244 
32 .111 .r15 .191 23 .325 .325 .328 18 .147 .151 .143 
33 .714 .715 .727 24 .246 .257 .254 19 .080 .084 .082 
34 .657 .650 .676 25 .187 .188 .194 20 .045 .044 .045 
35 .581 .585 .595 26 .139 .141 .155 21 .011 .014 .010 
36 .520 .527 .540 27 .107 .109 .113 22 .ooo .ooo .ooo 
37 .461 .452 .461 28 .080 .074 .082 
38 .408 .401 .422 29 .061 .054 .055 
39 .343 .350 .350 30 .039 .039 .042 
40 .309 .296 .301 31 .028 .026 .029 
41 .263 .249 .263 32 .022 .016 .018 
42 .223 .212 .227 33 .011 .009 .007 
43 .183 .185 .188 34 .ooo .ooo .ooo 
44 .160 .153 .149 
45 .126 .121 .125 
46 ,105 .101 .100 
47 .084 .080 .081 
48 .064 .061 .068 
49 .050 .046 .050 
50L/.035 .037 .037 
51 .026 .028 .025 
52 .012 .021 .014 
53 .003 .009 .003 
54 .ooo .001 .ooo 
55 .ooo .ooo .ooo 
3 1 3/8" 20 
20 1 1 1 
21 1 1 1 
22 .985 .987 .991 
23 .971 .975 .979 
24 .943 .948 .961 
25 .902 .908 .932 
26 .846 .850 .890 
27 .768 .784 .838 
28 .693 .705 .764 
29 .594 .624 .672 
30 .525 .526 .592 
31 .439 .451 .523 
3' 3/8" 40 
9 1 1 1 
10 1 1 1 
11 1 .993 1 
12 .998 .990 .998 
13 .968 .982 .983 
14 .918 .938 .940 
15 .818 .856 .859 
16 .688 .731 .731 
17 .542 .578 .666 
18 .397 .426 .424 
19 .279 .305 .308 
20 .203 .226 .220 
3' 3/8 ,. 60 
5 1 1 1 
6 1 1 1 
7 .998 .998 1 
8 .995 .997 .997 
9 .977 .979 .991 
10 .900 .908 .944 
11 • 728 • 738 .803 
12 .492 .576 .568 
13 .325 .321 .386 
14 .217 .213 .242 
15 .13t .132 .151 
16 .oso .079 .094 
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32 .365 .368 .450 21 .141 .140 .141 17 .052 .052 .057 
33 .313 .302 .360 22 .091 .093 .086 18 .033 .032 .035 
34 .244 ,257 ,297 23 .054 .058 .058 19 .019 .018 .019 
35 .198 .208 .254 24 .034 .033 .044 20 .009 .015 .014 
36 .164 .166 .197 25 .ooa .010 .008 21 .002 .003 .005 
37 .135 .141 .157 26 .ooo .ooo .ooo 22 .ooo .ooo .ooo 
38 .104 .126 .100 
39 .086 ,090 .100 
40 .070 .070 .oso 
41 .053 .055 .073 
42 .048 .042 .046 
43 .041 .027 .035 
44 .031 .021 .028 
45 .018 .012 .022 
46 .011 ,009 .012 
47 .010 .001 .007 
48 .ooo .ooo .ooo 
4' 1/2"' 20 4' 1/2" 40 
23 1 1 1 12 1 1 1 
24 1 1 1 13 1 1 1 
25 1 1 1 14 1 1 1 
26 1 1 1 15 1 1 1 
27 1 1 1 16 1 1 1 
28 1 1 1 17 1 .995 .992 
29 1 1 1 18 ,980 .978 .984 
30 .999 1 1 19 ,966 .960 .964 
31,998 1 .998 20 .920 .913 .922 
32 .977 .990 .990 21 .845 .852 .857 
33 .957 .973 .973 22 .755 .755 .767 
34 .930 .952 .955 23 .649 .656 .660 
35 .901 .917 .931 24 .540 .528 .561 
36 .853 .878 .897 .25 .440 .442 .461 
37 .813 .833 .861 26 .341 .347 .356 
38 .756 ,781 .812 27 .255 .262 .267 
39 .713 .722 .776 28 ,186 .189 .198 
40 .650 .677 .721 29 .132 .139 .147 
I 41 .582 .610 .662 ,38 .088 .091 .097 
42 .528 .555 .607 .31 .053 .051 .068 
43 .472 .489 .548 32 .023 .032 .034 
44 .406 .439 .488 33 .ooo .ooo .ooo 
45 .359 .384 .424 
46 .310 .326 .368 
47 .261 .274 .315 
48 .215 .229 .268 
4' 1/2" 60 
11 1 1 1 
12 1 1 .997 
13 1 .986 .977 
14 .953 .942 .944 
15 .855 .858 .855 
16 .718 .719 .745 
17 .568 .569 .582 
18 .441 .439 .445 
19 .317 .321 .311 
20 .236 .234 .223 
21 .140 .158 .151 
.22 .107 .113 .100 
23 • 068 • 071 • 06,0 
24 ,042 .046 .036 
25 ,024 .027 .020 
26 .010 .015 .ooo 
27 .ooo .ooo .ooo 
60. 
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49 .169 .195 .216 
50 .141 .163 .171 
51 .120 .128 .140 
52 .095 .097 .109 
53 .066 .069 .086 
54 .039 .041 .056 
55 .011 .028 .032 
56 .ooo .014 .014 
57 .ooo .ooo .ooo 
4' 3/8" 20 4' 3/8" 40 4' 3/8" 60 
27 1 1 1 15 1 1 1 11 1 1 1 
28 1 1 1 16 1 1 1 12 1 1 1 
29 1 1 1 17 .970 .993 1 13 .985 .990 1 
30 1 .993 1 18 .920 .977 .986 14 .925 .911 .957 
31 1 .983 .996 19 .906 .943 .957 15 .788 .778 .947 
32 .983 .973 .990 20 .825 .870 .896 16 .588 .585 .661 
33 .964 .953 .974 21 .707 .765 .796 17 .400 .397 .459 
34 .918 .926 .947 22 .577 .624 .686 18 .225 .250 .309 
35 .888 .885 .902 23 .454 .482 .528 19 .150 .166 .191 
36 .824 .828 .850 24 .354 .364 .412 20 .080 .097 .120 
37 .765 .767 .786 25 .273 .262 .301 21 .065 .060 .071 
38 .692 .702 .724 26 .191 .189 .215 22 .048 .037 .051 
39 .616 .627 .644 27 .141 .123 .150 23 .030 .025 .029 
40 .548 .544 .572 28 .103 .094 .107 24 .025 .016 .019 
41 .464 .474 .486 29 .069 .060 .068 25 .013 .012 .012 
42 .394 .402 .417 30 .038 .033 .046 26 .ooo .004 .008 
43 .328 .329 .361 31 .026 .018 .029 27 .ooo .ooo .ooo 
44 .272 .281 .304 32 .112 .009 .016 
45 .217 .219 .239 33 .006 .ooo .001 
46 .178 .175 .185 34 .ooo .ooo .ooo 
47 .126 .127 .137 
48 .oso .081 .099 
49 .054 .062 .070 
50 .032 .031 .049 
51 .oos .009 .024 
S2 .ooo .ooo .ooo 
61. 
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